Abstract An experiment was designed at a mountain site to study the distribution of adult Lumbricus terrestris in relation to a small-scale mosaic of humus forms representative of different stages of a spruce forest ecosystem. Good agreement was found between distribution in the mosaic and that in the field. ANOVA tests demonstrated the strong influence of humus form on earthworm abundance when comparing a vermimull (high earthworm burrowing activity) taken from a spruce regeneration site (61.8 individuals m
Introduction
Earthworm populations are related to high levels of soil fertility (see review in Lee 1985) . It can be assumed that either earthworms only thrive in fertile soils or that soil fertility is increased by earthworm activity (Robinson et al. 1991; Muys and Lust 1992; Basker et al. 1994) . Since the work of Bornebusch (1930) , burrowing earthworms have been closely associated with mull humus. The characteristics of the mull humus form mostly result from the burrowing activity of geophagous earthworms (Bal 1982) . As soil properties and thus ecosystem productivity seem to depend so much on earthworm fauna, it is most important to understand the factors influencing their short-scale distribution. There are few data which relate improvement of a specific humus form to the natural development of earthworm populations. In a mountain spruce forest, Bernier and Ponge (1994) found evidence of a space/time mosaic pattern involving different humus forms (tightly linked with earthworm populations) and vegetation dynamics. The patchy distribution of earthworm populations could either be the result of individuals moving from place to place (migration) or differences in recruitment patterns (Marinissen and Van den Bosch 1992) . The purpose of the present study was to test, by field bioassays, whether or not humus forms determined the patchy distribution of Lumbricus terrestris (L.).
Materials and methods
The study site
The experiment was conducted in a Norway spruce (Picea abies (L.) Karst.) forest located on a north-facing slope in the French Alps (Tarentaise Valley, Savoy, 45733bN, 6742b E) , in the parish of Macot-La-Plagne. The altitude of the 0.8-ha study site ranged from 1535 m to 1575 m. This site had already been studied by Bernier and Ponge (1994) . The vegetation belongs to the Melampyro-sylvatici-Piceetum phytosociological type, generally encountered in the north-western Alps at Mid-altitudes (Gensac 1970 , Rovera (1990) , the mean annual precipitation is about 1000 mm at a neighbouring site.
The humus profiles have been described by Bernier and Ponge (1994) and Bernier (1996) . Humus nomenclature follows Green et al. (1993) . Bernier and Ponge (1994) recognised nine fundamental units of the forest patchwork. These units, called eco-units by Oldeman (1990) , were small homogeneous surfaces. Among them, typical stages of the forest cycle and patches of bilberry (Vaccinium myrtillus L.) heath could be distinguished.
Forest eco-units sensu stricto were characterised by the age of spruce trees (which varied from 5 years to 15 years around the mean age in a given eco-unit) and, before canopy closure, by a herbaceous layer comprised mainly of Luzula sylvatica (Huds.), Deschampsia flexuosa (L.), Melampyrum sylvaticum (L.) and Prenanthes purpurea (L.). Regeneration of spruce takes place in herbaceous eco-units with acid mull humus Bernier and Ponge 1994; representing the innovation phase, sensu Oldeman (1990) . Further development of spruce results in eco-units with leptomoder humus (Green et al. 1993) .
Herbaceous eco-units are encircled by bilberry heath with a humimor humus Maubon et al. 1995) . At this altitude, the competition between heath and spruce for the colonisation of herbaceous eco-units generally favours the latter. Invasion by heath succeeds when the old spruce eco-units are progressively disrupted by management practices, such as canopy opening to promote natural regeneration. The development of a bilberry heath was always preceded by the appearance of a dense moss carpet. Bernier and Ponge (1994) demonstrated that contrasting humus forms found under these eco-units were linked with the patchy distribution of earthworm populations. Among the nine ecounits studied by these authors, five were selected for the experiment. General features of these five eco-units are indicated in Table 1. Humus profiles belonging to the mature stage of spruce development exhibited no clear stratification. Bernier and Ponge (1994) described this form as an earthworm mull-like moder, a particular mullmoder (Green et al. 1993 ) characterised by the deposition of organo-mineral casts of anecic earthworms within the thick top organic layer. This paper focused especially on L. terrestris because this species was observed to be the first geophagous species of earthworms invading moder humus during the adult phase of spruce development.
Experimental design
Humus blocks (30 cm!30 cm!30 cm) were collected on the field and transferred immediately into 1-mm wire mesh cages (90 cm!90 cm basal area and 50 cm height) with as little disturbance as possible. Cages were covered with a mesh lid to prevent earthworms from escaping and protect them from predators. When present, ground vegetation (~20 cm height) was kept intact at the top of the humus blocks. The cages were buried 30 cm deep so that the surface of the blocks corresponded with the neighbouring ground surface. Humus blocks were kept with their complete fauna and some L. terrestris individuals may have been present in addition to the introduced animals.
Six cages were used, five as treatment and one as control. In each of the five cages, nine humus blocks were arranged according to a semi-random pattern. Each humus form was located once in the centre, four times in a side position and four times in a corner position, i.e. in each cage one humus form occurred in the centre and the four others in both corner and side positions. The position changed from one cage to another by circular permutation. In the sixth cage (the control), nine identical mull humus blocks taken from the regeneration eco-unit (herbaceous) were arranged similarly. The control was used as a reference for the assessment of mortality due to treatments, and to have a basis for Octolasion sp. 1 testing for the attractiveness of mull when surrounded by less favourable humus forms. The six cages were installed in a regeneration (herbaceous) eco-unit which was a 15-20 m wide tree-fall gap located just beside the area already mapped by Bernier and Ponge (1994) . Five adult (clitellate) individuals of L. terrestris were deposited on the surface of each of the nine humus blocks in each cage, corresponding to a density of 55.6 individuals (ind.) m P2 . This density was about 4 times that found in the herbaceous eco-unit (Table 1 ) but corresponded to the maximum density of anecic earthworms observed in the same forest (Bernier 1992) . The worms had been previously expelled from a nearby meadow site by applying a 2‰ formalin solution. Individuals were thoroughly rinsed in fresh water and kept for 24 h in their original soil before being introduced into the experimental cages. The earthworms were allowed to move freely throughout the humus mosaic. We observed that individuals moved horizontally on the ground for several minutes before burrowing vertically.
The experiment was run from October 1993 to June 1994, summer months being avoided to prevent desiccation of the soil in the cages. During that time, earthworms had the opportunity to move freely from one humus block to another either on the surface or below. At the end of the experiment the cages were opened, the humus blocks were separated and earthworms were immediately fixed in formalin. After transfer to the laboratory, they were counted and weighed with their guts full. The earthworms were identified using Bouché (1972) and Sims and Gerard (1985) . No attempt was made to collect cocoons, but the low density of juvenile L. terrestris (Table 2 ) at the end of the experiment indicated a low rate of reproduction during the experiment.
Statistical treatment
Single ANOVAs (Sokal and Rohlf 1980) were performed on earthworm abundance, and total and individual biomass in order to test for differences between: (1) herbaceous humus in treatment versus control cages, (2) positions of humus blocks in the cages, (3) humus forms. Only data describing adult and subadult L. terrestris were considered. ANOVA has also been used to test for the significance of the regression between the abundance of L. terrestris at the end of a similar experiment and the amount of several humus components (data from Bernier 1996). Table 2 lists earthworms which were collected in the cages at the end of the experiment. The high ratio of adult versus subadult and juvenile L. terrestris suggested that most earthworms were those which were introduced, and that reproduction scarcely occurred. Statistical results are summarised in Table 3 . ANOVA demonstrated significant differences between treatments with respect to both L. terrestris density and total biomass and, although to a lesser extent, the mean individual biomass of L. terrestris.
Results
Densities and total biomasses were at a maximum in the herbaceous acid mull treatment (61.8 ind. m
P2
) and at a minimum in the leptomoder humus taken from under the 60-year-old spruce trees (6.2 ind. m P2 ) (Fig. 1) . The three other humus forms were in an intermediate position (mean: 34.5 ind. m P2 ), with no significant differences between them, but they were significantly different from the mull and from the leptomoder. The classification of humus forms indicated by these rela- Fig. 1 Density, total biomass and mean individual biomass of L. terrestris in the experimental humus mosaic (five treatment cages) at the end of experiment (see Table 3 for statistical tests). Data from control cage (herbaceous) have not been used in this chart. YR Years old, ind. individuals tionships is in accordance with that suggested by field data (Table 1) .
Earthworm individual biomasses differed significantly between a group comprising herbaceous and moss eco-units (2.7 g) and a group comprising spruce eco-units (2.1 g) whatever the age of the trees. Earthworms found in the bilberry humus had an intermediate individual biomass (2.3 g; Fig. 1 ).
ANOVA testing also included the following differences: (1) among treatment cages, (2) between position of humus blocks at the inside of treatment cages, and (3) among herbaceous humus blocks between treatment and control cages. None of the differences proved to be significant (Table 3) .
Earthworm mortality during the 9-month experiment was 15.6% in control compared to 38.2% in treatment cages. No significant difference was found in 
worms).
The ratio between initial densities in the cages and those in the field at the herbaceous site was 4.2. The final ratio between the latter and the herbaceous humus form of the treatment cages was 4.6. In the bilberry eco-unit the ratio of experimental against field densities was 5.7, i.e. of the same order of magnitude. For moss and spruce (160 years old) treatments however, the ratios were respectively 27.8 and 10.6. Good agreement between experimental and field data was found for 60-year-old spruce humus (earthworm densities were extremely low in the experiment and nil in the field). Table 4 shows that L. terrestris density was negatively correlated (Pp0.05) with the amount of holorganic fine material, but no correlation could be shown with the total volume of coniferous litter, of organo-mineral faeces, or of amorphous organic matter linked with minerals. The main departure from this correlation concerned the bilberry humus form which showed a high volume of holorganic fine material, a low volume of recent earthworm faeces, and a low volume of amorphous organic matter linked with minerals given the observed density of L. terrestris in the experimental cages.
Discussion
This small-scale mosaic experiment demonstrated the strong influence of humus form on L. terrestris distribution. The natural classification of humus forms according to earthworm densities was recognised experimentally when animals were allowed to choose between them (Tables 1, 3) .
This patchy earthworm distribution can be explained by the perception of humus quality by individual earthworms and there is no need to explain them in terms of long-term population trends such as birth/death rates. A herbaceous mull humus, when surrounded by unfavourable humus forms, did not prove to be more attractive than when surrounded by mull only (control). As the experimental mosaic consisted of small-sized units, the search for more favourable humus conditions by earthworms failed to explain the observed differences.
It may be concluded that each humus form is characterised by a species-specific immediate carrying capacity. The bioassay provided an estimate of the maximum density of L. terrestris a given humus form can carry under field conditions. The tree-fall gap where the experiment was installed can be considered as near optimum in the study site. Support for this claim is provided by the insignificant rain and snow interception, the optimal heating of the ground floor and a thick snow cover preventing soil freezing (Coleman et al. 1990 ) without delaying snowmelt. Moreover, summer drought and predation were avoided in the experimental cages. Thus our measurement of immediate carrying capacity could be considered as close to the potential L. terrestris density for a given humus form under field conditions.
Discrepancies between field and experimental data on L. terrestris abundance were at a maximum for humus under moss and adult spruce. Bernier and Ponge (1994) showed that moss eco-units were restricted to small gaps issuing from the felling of individual trees for timber within eco-units densely populated by adult spruce tree. These two kinds of units were strongly influenced by adult trees roots systems and crowns, with the result that drought must be a feature common to these eco-units. An additional explanation could be the transient nature of the humus profile developed under moss and adult spruce trees, i.e. by anecic earthworms in a colonising stage , so that their potential capacity could be far higher than the observed field densities. Support for this hypothesis is given by the step-by-step colonising process observed by Marinissen and Van den Bosch (1992) in newly reclaimed polders. The present experimental design has certainly been improved with respect to some of the critical factors such as water availability and heat.
According to Bernier and Ponge (1994) , the main humus micromorphological change occurring from young to adult spruce stands was the increase in organo-mineral earthworm faeces. As L. terrestris was the only geophagous earthworm observed, these faeces mainly originated from this species. We may wonder whether this animal species can improve, by its own efforts, through the accumulation of organo-mineral faeces, the condition of the humus profile. Spruce ageing may initiate improvement in litter quality and the soil's acid/base balance. Staff (1987) explained differences in beech litter decomposition rates between rich and poor sites by the acid/base balance of the soil, the chemical composition of litter remaining constant. Similar results were obtained after earthworms had been introduced into mor humus whether limed or not (Robinson et al. 1991 (Robinson et al. , 1992 and comparisons were made with a meadow mull. When the ionic balance of mor humus was restored, no differences could be discerned between this and mull humus.
The density of L. terrestris in experimental cages was of the same order of magnitude as field densities reached in bilberry and adult spruce eco-units. The field density was even higher than the experimental one with respect to humus from the bilberry heath (Table  1) . Surprisingly, the humus form was an earthworm mull-like moder under adult spruce and a humimor under bilberry. Such discrepancies between humus form and L. terrestris distribution led to the conclusion that this species may not always be geophagous (Table 4) . The bilberry heathland could be characterised by the adoption of an epigeic habit by L. terrestris, which usually behaves as an anecic species (Bouché 1972) . Such plasticity in earthworm behaviour can be considered as contributing to the power of this species to increase its distribution in heterogeneous environments.
